The occurrence of bacillary dysentery in the armies of Europe, the finding of great numbers of cases of this infection in the tropics, where the amebic form has been regarded as the prevailing type, and the presence of the disease endemically in the United States have stimulated this series of investigations.
A t t e m p t s have been made at immunization against bacillary dysentery b y means of cultures of the dysentery bacilli from the time of their discovery b y Shiga up to the present, yet no definite m e t h o d has been found which made vaccination or active immunization practicable.
An analysis of previous efforts reveals the peculiarities of the B. dysenteri¢e group of organisms. Shiga, 1 in 1898, injected himself subcutaneously with onetwelfth of a killed agar slant culture of B. dysenterice (Shiga). The local reaction was of such intensity that eventually incision was made to evacuate the purulent exudate and to help the absorption of the board-like edema. However, after 10 days agglutinins were demonstrable in his blood. So also Kruse, = who injected himself with 1 cc. of a killed bouillon culture, developed a severe local reaction persisting for a week. After 8 days the agglutinin titer of his serum was 1: 800. Roselxthal, 3 using a similar antigen upon himself, also developed a marked local and general reaction, but no agglutinins.
These personal experiments were supplemented by animal experiments by others, and the conclusions reached were that simple suspensions of the killed bacilli in saline solution, or killed bouillon cultures, while too toxic for practical use, do nevertheless give rise on inoculation to antibody production.
i Shiga, K., Contr. Bakteriol., 1to Abt., 1898 , xxiv, 817, 870, 913. 2 Kruse, W., Deutsch. reed. Woch., 1900 1901, xxvii, 386; 1903 , xxix, 49. 3 Rosenthal, Contr. Bakterlol., lte A3t., Ref., 1905 Attention was next concentrated upon the addition of immune serum to the bacteria, either to sensitize the antigen or to neutralize its toxicity. Shiga, 4 proceeding on the latter basis, injected killed cultures and immune serum simultaneously for the first injection, following it in 3 to 4 days by a larger dose of the bacilli without serum. He vaccinated 10,000 Japanese in this way and determined that a definite protection was afforded, since the mortality was reduced. The general results, however, were unsatisfactory, as the immunity endured but 3 to 4 weeks. Subsequently Shiga varied the dosage by giving antiserum with the second dose, but although the local and systemic reactions were mitigated, the procedure failed to produce a lasting immunity.
Vaillard and Dopter 5 and Dopter 6 employed the Besredka method of sensitizing vaccines and obtained what they regarded as encouraging results, but Ltidke ~ was unable to detect any advantage in the sensitized vaccine. Ltidke's conclusions are that sensitization not only removes the toxicity of the dysentery bacillus but also destroys its antigenic function. Lucas and Amoss s employed a vaccine consisting of Flexner organisms in combination with immune serum, but on account of the few instances studied no definite conclusions can be drawn. Immune serum alone has been used by Shiga, Dopter, and others as a prophylactic measure, but it is generally conceded that the passive immunity endures usually only about 10 days. Recently Gibson 9 removed by absorption the so called antibacterial principles of immune serum, leaving the supposed antiendotoxic elements. The absorbed serum was injected with the killed cultures, and Gibson states that the severe local reaction is abolished and an immunity conferred. It will be shown later that Gibson's serum possesses no advantage over unmodified immune serum.
While the foregoing observations were being made another series of tests revealed that immunization is possible after injection of dysentery bacilli in either changed or unchanged form. Gay 1° ascertained that repeated injections of the organisms in guinea pigs produces an active immunity. Lfidke n showed that rabbits, after repeated intravenous injections of cultures, develop immune serum of high titer, possessing strong bactericidal powers, agglutinins, complement-fixing antibodies, and precipitins. A similar result follows subcutaneous injection. It is important to note that the agglutinin titer corresponded to the protective value of a given serum. Immunity, though not of such a degree, could also be secured by using autolyzed products of the dysentery bacilli (Neisser and Shiga12). The dried powder of dysentery bacilli, suspended in saline solution and injected intravenously into rabbits, has also been used. It produces agglutinins, though not to a great degree. The bacilli digested with pepsin or trypsin have also been tested and an actively bactericidal immune serum has been obtained with them.
All these methods demonstrate the possibility of developing immunity through the injection of the proteins, in some form, of the dysentery bacilli. An analysis of the results will show the advantage of using as antigen bacilli as nearly in their natural state as possible, and such a method conforms with the general principles of active immunization as laid down by Theobald Smith. 1~
With the results of the earlier work before us, keeping in mind the high toxicity of the dysentery bacilli for human beings and considering the importance of employing them as little changed by artificial manipulation as possible, we undertook the following experiments. The objects of the experiments were the finding of a suitable medium for suspending the bacilli, the diminution of their toxic effects, and the retention of their immunizing values.
Several kinds of vaccine of the dysentery bacilli were prepared. It is generally conceded now that the dysentery bacilli m a y be divided into two main groups, the Shiga and the Flexner. Organisms of either group m a y produce similar intestinal lesions and clinical symptoms. They are, however, distinguishable by their power to ferment certain carbohydrates and alcohols, and by the fact that the Shiga bacillus yields, together with an endotoxin, what appears to be an exotoxin, while the Flexner bacillus does not. The Shiga group is homogeneous, the Flexner group heterogeneous. In the latter is included the representative type, isolated by Flexner 14 in the Philippine Islands in 1900, the Hiss y,15 and the Strong 16 types. The organisms of the Flexner group possess common antibodies: crossagglutination, as well as cross-protection, is definite. The organisms of the Shiga group are, however, distinguished serologically from those of the Flexner: cross-agglutination and cross-protection do not occur, unless exceptionally, in a small degree.
12 Neisser, M., and Shiga, K., Deutsch. reed. Woch., 1903 , xxix, 61. 13 Smith, Theobald, J. Am. Med. Assn., 1913 , Ix, 1591 . 14 Flexner, S., Philadelphia Med. J., 1900 , vl, 414. 15 Hiss, P. H., Jr., and Russell, F. F., Med. News, 1903 16 Strong, R. P., and Musgrave, W. E., Report of the etiology of the dysenteries of Manila, Rep. Surg.-Gen. Army, Washington, 1900, 251. Hence, in the following experiments the vaccines were made polyvalent, in order to include the antigenic factors of the two groups of organisms. As a representative of the Shiga group a known culture was selected, of definite toxicity. The minimum lethal dose of its toxin fluctuated between 0.05 and 0.1 cc. for a 1,500 to 1,800 gm. rabbit. As a representative of the Flexner group the original Flexner bacillus (the Flexner-Harris, or Philippine strain) was chosen, as well as the Hiss Y, the two organisms present in epidemic and sporadic cases of dysentery. The three organisms were present in the vaccines in equal proportions with reference to their grouping so that an injection Would include one-half the total of Shiga organisms, onequarter of Flexner bacilli, and one-quarter of Y bacilli.
Saline Dysentery Bacilli Vaccine.
The usual saline suspensions of the bacilli were first studied in order to control the antigenic properties of the organism and to confirm previous observations. To this end the following experiment was performed. Three rabbits, Nos. 1, 2, and 3, were injected subcutaneously with this vaccine. The first dose was 0.25 cc., or 1 billion bacteria, the second dose was 0.5 cc., or 2 billion, and the third was 0.75 cc., or 3 billion. The injections were given at 5 day intervals, under the shaven skin of the abdomen. After 24 hours the three rabbits developed a severe edematous swelling which, as a rule, extended over an area 6 cm. in diameter. There were tenderness and redness, and eventually firm nodules formed. Absorption was slow; usually a week elapsed before the nodule receded to a small, firm, papular mass. Rabbits 1 and 2 succumbed to the third injection.
Agglutination tests were made from time to time, the macroscopic method being employed, and the tubes being kept at 55°C. for 4 to 5 hours. 17 Rabbit 3 showed 1~ It was determined that this method gave much more definite reactions than the old method of incubating for 2 hours at 37°C. and then keeping over night in the ice box. The specificity of the agglutination was not affected by the heat. It was subsequently found that these tests could be left at 55°C. over night with good results. no agglutination 5 days after the first injection. 5 days after the second injection the serum agglutinated Flexner bacilli in 1 : 100, but not Shiga bacilli. 7 days after the third injection Flexner and Shiga bacilli were agglutinated in 1: 100, and 1 month after the injection the Flexner agglutination was 1:100 and the Shiga negative. Rabbit 2 showed Flexner agglutination 1:100 5 days after the first injection and 1 : 800 a similar period after the second. This rabbit died 24 hours after the third injection. Rabbit 1 also showed agglutination of 1:100 for Flexner bacilli and 1 : 50 for Shiga 5 days after the first injection, and 1 : 200 for Flexner and 1:100 for Shiga 7 days after the third injection. At this time the rabbit died.
The surviving rabbit was injected 1 month after the last vaccination with ten lethal doses of a Shiga culture intravenously. Two controls, similarly injected, died in 18 and 24 hours respectively. The vaccinated animal survived.
From this experiment we may conclude that saline vaccines are too toxic for use: two of the three rabbits succumbed to the injections. At the same time they are capable of developing considerable agglutinins--the agglutination titer was high in all three rabbits. They also afford protection to many times the fatal dose of the Shiga bacillus. With respect to the toxicity, the antigenic property, and the protective effect, the previous observations have been confirmed.
Vaccines Suspended in Chemical Solutions Other than Saline.
A chemical solution was first sought which would approach as closely as possible the concentration and acidity of tissue fluids. For this purpose Henderson's phosphate solution is was employed. It contains a 1 per cent concentration of monosodium phosphate 1 part, and disodium phosphate 9 parts. Experiment B.--The bacilli in the vaccine were prepared in the usual manner and added to the phosphate solution. Three rabbits (Rabbits 4, 5, and 6) were injected in the same manner and with the same dosage as in Experiment A. In none of them was there any local reaction. Rabbits 4 and 5 died after developing paralysis of both anterior and posterior extremities. In none of this series were agglutinins demonstrable. Rabbit 6 alone survived the three injections and was injected 1 month after the last injection with ten lethal doses of a Shiga culture intravenously. The animal succumbed, together with the controls.
~s Henderson, L. J., J. Biol. Chem., 1909-10, vii, 29 .
VACCINATION AGAINST BACILLI DYSENTERIzE
This method was unsuccessful, ~ince neither agglutinins nor protection developed, and although the local toxicity was diminished, the systemic toxicity was apparent.
The next trial was based on the possibility that the irritation following an injection of the vaccine might be due to acid production in the tissues. Hence a new vaccine was prepared, an alkaline medium being used, consisting of lime-water (aqueous solution of calcium hydroxide), for suspending the killed bacilli.
Experiment C.--Three rabbits (Nos. 7, 8, and 9) were injected in the usual manner (see Experiment A). Rabbit 8 died after the first injection, of typical dysentery intoxication. No local reaction was seen in any of this series. No agglutinins were produced. The two surviving rabbits showed no protection against fatal doses of Shiga and Flexner type cultures.
With alkaline susperl~ions, then, no agglutinins were produced, nor was protection afforded. Although there was no local reaction, the systemic toxicity was not diminished.
From these experiments we m a y conclude that the presence of certain chemicals in a vaccine m a y eliminate its local irritating effect but at the same time will remove its antigenic power and simultaneously increase its systemic toxic effects.
Immune Serum Alone and with Vaccines.
As a control of the experiments to follow, one series of rabbits was injected with polyvalent antidysenteric serum alone.
Experiment D.--Rabbit 10 was injected with 1 cc. of polyvalent antidysenteric serum subcutaneously three times at 5 day intervals. There was no local reaction. No agglutinins were demonstrable. 1 month after the last injection there was no protection against ten lethal doses of a Shiga culture. Repetition of this experiment afforded similar results.
The immune serum alone is incapable of producing agglutinins in dilutions of 1:25 to 1:50, nor is there protection at the end of a month. Hence, whatever results in agglutinin'production, protection, or local reaction occurred in the following series are to be ascribed to the bacterial vaccine and not to the immune serum. The uncertainty of duration of the effect of the prophylactic injection of immune serum was incidentally demonstrated.
T h e next experiment was u n d e r t a k e n to show the effect of the ordin a r y saline suspension vaccines combined with the use of p o l y v a l e n t antidysenteric serum.
Experiment E.--The dosage of the vaccine and the method of injection were similar to those mentioned in Experiment A, except that with each injection 1 cc. of the immune serum was given subcutaneously.
Three rabbits (Nos. 11, 12, and 13) were tested for the presence of normal agglutinins for the dysentery bacilli on Oct. 4, 1917, a procedure which was part of the routine of all experiments. None having been detected, the animals were injected shortly afterwards, as already indicated. In none of the rabbits was there any local reaction. Agglutinins were produced in all of them. As a rule the serums agglutinated Flexner bacilli in 1 : 50, but not Shiga bacilli, 5 days after the first injection. 5 days after the second injection the titer rose, as a rule, to 1:200 for Flexner and 1:100 for Shiga cultures. 7 days after the last injection the titer was 1 : 200 for both type cultures. 1 month after the last injection Rabbit 11 showed 1:50 Flexner and Shiga agglutinations, Rabbit 12, 1:200 Flexner and Shiga agglutinations, and Rabbit 13 died of an intercurrent infection (coccidiosis) before the end of that period. Rabbit 11 showed resistance to four lethal doses of a Flexner culture, although controls died in 18 and 24 hours respectively, but Rabbit 12 succumbed to ten lethal doses of a Shiga culture. ~0
T h e d e d u c t i o n from this series is t h a t i m m u n e serum exerts a neutralizing effect u p o n the toxicity of the cultures, p e r m i t t i n g the production of agglutinins in an appreciable a m o u n t and giving rise to partial protection, enduring at least a m o n t h after the last injection.
Gibson, ~ to w h o m reference has already been made, a t t e m p t e d the removal of the antibacterial constituents from i m m u n e serum a n d the retention of the antiendotoxic substances. T h e m e t h o d employed was the complete absorption b y means of bacterial suspension of all agglutinins and other antibacterial antibodies present in polyvalent antidysenteric serum. This modified serum was injected with killed cultures of d y s e n t e r y bacilli. I n the next experiment an att e m p t was m a d e to investigate the merits of this form of v a c c i n a t i o n .
19 Four lethal doses of a Flexner culture were used in these tests for protection for the following reason. Our stock culture was lethal in a close of one-quarter of a culture (the 24 hour growth on an agar slant). More than four times this quantity would prove too great an amount of bacterial protein. Ten lethal doses of a Shiga culture could be easily employed, as the total amount equalled only one-third of the growth on a standard agar slant. However, in all cases control rabbits were used to test the corresponding doses.
Experiment F.--Polyvalent antidysenteric serum of high titer was absorbed twice with Shiga and Flexner cultures by the method described by Gibson. Rabbit 14 was injected subcutaneously with 1, 2, and 3 billion killed bacteria at 5 day intervals. 1 cc. of the modified serum was injected with each dose. Considerable local reaction resulted from each injection. The rabbit showed agglutinins only after the second injection. The titer was low, 1 : 50 for both types of bacilli. 1 month after the last injection this rabbit survived four lethal doses of a Flexner culture, injected intravenously. Rabbit 15 was injected in the same way as Rabbit 14, except that the modified serum was mixed with the killed bacteria previous to injection. There was no local reaction. The agglutinin titer was practically the same as in Rabbit 14. 1 month after the last injection this animal succumbed to ten lethal doses of a Shiga culture.
In this series the results with regard to the protection afforded correspond exactly with those in which the whole or unmodified immune serum was employed. Gibson advises the simultaneous employment of vaccine and modified serum, each injected separately. This has not been, in our limited experience, as efficient as the combined whole serum and vaccine as practised by Lucas and Amoss. 8
The outcome of this series of studies is the conclusion that immune serum added to the killed bacilli, or vaccine, is capable of neutralizing the toxicity of the bacilli, of stimulating the production of agglutinins, and yet of affording only partial protection. All vaccines of this kind m a y lead, however, to sensitization to horse serum, which is objectionable with respect to large bodies of men.
Oily Suspensions of Dysentery Bacilli as Vaccines.
The use of oils as vehicles for drugs for subcutaneous or intramuscular injection has long been practised. The principle involved is the slow absorption of the drug, unchanged in any way in the preparation, thus allowing the body to accustom itself gradually to the effects of the drug. The method has recently been applied to bacterial vaccines. Le Moignic and Pinoy 2° and Tribondeau 21 suspended typhoid bacilli and subsequently typhoid and paratyphoid A and B bacilli, in certain vegetable oils, the exact nature of which has not been revealed.
2o Le Moignic and Pinoy, Compt. rend. Soc. biol., 1916 , lxxix, 201,352. el Tribondeau, L., Compt. rend. Soc. biol., 1917 When our studies had reached this point, the lipo-vaccin of Le Moignic and Pinoy was brought to our attention b y Dr. Carrel. Our first tests with the oily vehicle were m a d e during the s u m m e r of 1917. We filtered the French oily vaccine through a Berkefeld candle and thus obtained the oil free from the bacilli. D y s e n t e r y bacilli were then suspended in the oil in a proportion such t h a t 1 cc. contained 4 billion organisms.
Experiment G.--Rabbits 16 and 17 were injected subcutaneously, under the shaven skin of the abdomen, with the vaccine in three doses of 0.25, 0.5, and 0.75 cc., corresponding to 1, 2, and 3 billion bacteria. These injectio/ls were made at 5 day intervals. No local or systemic reaction was noted. The agglutinin production was later in appearance but was more persistent than with the vaccines of the former experiments. 5 days after the first injection only a trace of agglutinins was demonstrable; 5 day~ after the second injection the titer was 1:100 for Flexner and Shiga types; 7 days after the third injection the titer was the same, but 1 month later it rose to 1 : 200 for each type. At this time Rabbit 16 resisted ten fatal doses of a Shiga culture injected intravenously, and Rabbit 17 four fatal doses of a Flexner cuhure. The controls died in 1 to 2 days. F r o m these tests it was concluded that the oily suspension answers the requirements of a serviceable vaccine: no local or systemic toxicity is caused b y it; agglutinins are formed regularly in good quantities and persist; protection is secured and is still present 1 m o n t h after the vaccination.
The exact nature of the oils in the French vaccine being unknown, an a t t e m p t was m a d e to substitute a preparation as similar as possible to t h a t in the oily vaccine. Considerable experimentation was necessary to find a substitute. Olive oil was tested, saturated with lanolin to reduce still more the rate of absorption.
Experiment H.--Rabbits 18, 19, and 20 were injected, in a manner similar to that described in the foregoing experiment, with the olive oil vaccine. Extensive swellings developed in all three animals at the site of injection. These subsequently gave rise to large cystic masses containing on section cheesy matter (soaps). Nevertheless there was no systemic toxicity--all three rabbits withstood the injections. The agglutinin production was considerable: 1 month after the last injection the titer was 1:400 for the Flexner and 1:200 for the Shiga type. Rabbit 18 survived ten fatal doses of a Shiga culture at this time.
The olive oil was implicated in the production of the local irritation, possibly on account of the presence of oleic acid. Archard and Foix 22 experienced similar difficulties and ascribed the local abscess formation to the heating of the olive oil at too high a temperature during sterilization. With respect to agglutinin production and protection this oily vaccine was promising, but the severity of the local reaction precluded its use. Almond oil saturated with lanolin was selected for the next experiment. The results with it were more satisfactory.
Experiment/.--Rabbits 21, 22, and 23 were injected with the lanolin-almond oil vaccine in a manner similar to that of Experiment G. The first injections were not attended by any local reactions; i.e., when 0.25 cc. was employed. Subsequent injections of 0.5 cc. or more, however, produced extensive indurated areas at the site of injection. The agglutinin production was marked: 1 month after the last injection the titer was 1 : 400 for the Flexner, 1 : 200 for the Shiga type. At this time Rabbit 22 survived ten fatal doses of a S}figa culture and Rabbit 23 four fatal doses of a Flexner culture, injected intravenously. Four control rabbits similarly injected died within 24 hours.
I n spite of the promising results from the immunological standpoint, the outcome was unsatisfactory because of the local induration sometimes produced. The almond oil was therefore tested alone.
Experiment J.--Rabbits 24, 25, and 26 were injected in the usual manner. Neither local nor systemic reactions resulted. The agglutinin production, as a rule, for these rabbits had the following titers: 5 days after the first injection, negative for Flexner and Shiga types; 5 days after the second injection, 1:50 for Flexner and Shiga types; 5 days after the third injection, 1 : 100 for both types; and 1 month after the third, 1 : 200. Subsequent experiments proved that protection to ten fatal doses of a Shiga culture and four fatal doses of a Flexner culture, injected intravenously, was present at this time.
In view of the absence of systemic reaction and the low degree of local effect, while agglutinin production is stirrmlated and protection afforded, we m a y regard the oily vaccine as a preparation possibly suited for use in man.
Whitmore and his coworkers 23,24 have recently published their results of the study of oily vaccines of the dysentery bacilli and some 22 Archard, C., and Foix, C., Compt. rend. Soc. biol., 1916, lxxix, 209 other microorganisms. Their experiments cover a considerable number of points, including t h e immunizing effects on rabbits and m a n and the methods of preparation of the vaccine on a large scale.
T h e y employ dried cultures emulsified in a mixture of oil (olive, etc.) and lanolin b y grinding in a ball mill, using glass bottles and steel balls.
Immunization by Means of a Single Injection of Oily Vaccine.
The next step in this study was the determination of dosage.
Experiment K.--Several rabbits were injected subcutaneously with a single dose of 1 cc. of plain almond oil vaccine, containing 4 billion dysentery bacilli. Rabbits 27 and 28 were carefully studied with reference to agglutinin production and the following results of slow absorption observed: 8 days after the injection the titer was 1:50 for Flexner and Shiga bacilli; 1 month after the injection, having fluctuated within this period from 1 : 50 to 1 : 200, the titer was 1 : 100 for either type. Rabbit 28 survived ten fatal doses of a Shiga culture, and Rabbit 27 four fatal doses of a Flexner culture, injected intravenously. Two control rabbits, injected similarly, died within 2 days.
The deduction from these tests is that a single dose of sufficient q u a n t i t y of the oily vaccine is capable of yielding agglufinins for and providing protection against the dysentery bacilli which endure practically undiminished for at least a month. The experiment was next performed on a monkey. Experiment L.--0.5 cc. of the plain almond oil vaccine containing 2 billion dysentery bacilli was injected subcutaneously into a monkey (Macacus rhesus) weighing 5,050 gin. After 48 hours a slight induration developed at the site of injection, but there was no active inflammatory reaction--no redness or tenderness. The monkey was lively and had no fever. The slight induration persisted for about a week and was then completely absorbed. 7 days after the injection the blood showed agglutinins for both types of dysentery bacilli: for Shiga cultures 1 : 400, for Flexner 1 : 200.
The study had now progressed to the point where the vaccine was ready to test on man. Several men, physicians chiefly, volunteered. Of the eight volunteers four served to determine the proper dosage and the other four to confirm the results obtained with the first group and to show the practicability of the vaccination method. The results with each individual follow.
F. G. S. was injected subcutaneously with 1 cc. of the oily vaccine, containing 5 billion bacteria. The systemic reaction was slight, consisting of headache, slight chilliness, but no rise in temperature, and lasted for 1 day. The local reaction, however, was severe. There were redness, tenderness, and induration over an area 6 cm. in diameter. This persisted for 1 week, after which absorption became evident; the entire indurated area disappeared in from 3 to 4 weeks. The agglutinin production was as follows: up to the 8th day, negative; on'the 8th day, 1 : 50 Flexner, 1:25 Shiga; on the 15th day, 1:400 Flexner, 1:100 Shiga; 1 month later, 1:50 Flexner, 1:25 Shiga.
J. W. S. was injected similarly. His reactions were slightly more severe than those of F. G.S. The agglutinin production was as follows: up t6 the 8th day, negative; on the 8th day, 1 : 200 Flexner and Shiga; on the 15th day, 1 : 800 Flexner and 1:400 Shiga; 1 month after the injection, 1:200 Flexner and Shiga.
H e n c e , in as far as these two tests are concerned, the local r e a c t i o n m a y be r e g a r d e d as too severe to p e r m i t the wide use of the vaccine. H o w e v e r , n e i t h e r of these m e n lost a d a y from his work.
On f u r t h e r s t u d y , however, i t was f o u n d t h a t the oil used in t h e p r e p a r a t i o n of the v a c c i n e was i n c o m p l e t e l y n e u t r a l i z e d . H e n c e the n e x t two m e n were i n j e c t e d w i t h a n e u t r a l oily vaccine, to be d e s c r i b e d later, a n d a t t h e s a m e t i m e the d o s a g e was d i m i n i s h e d to 0.75 cc. c o n t a i n i n g 3,750,000,000 d y s e n t e r y bacilli.
G. E. M. showed only a slight systemic reaction. There was no local reaction, except that 6 days after the injection there were slight tenderness and redness which persisted for 3 days and then disappeared. The vaccine was completely absorbed in 9 days. The agglutinin production was as follows: up to the 14thday, negative; on the 14th day after injection, 1:50 Flexner and Shiga; 1 month after the injection, 1:25 Flexner and Shiga.
L. E. M. had no local or systemic reaction. The agglutinin production was: on the 7th day after injection, 1 : 200 Flexner and Shiga; on the 14th day, 1 : 200 Shiga and 1:100 Flexner; on the 22nd day, 1:400 Shiga and 1:100 Flexner; 6 weeks after the injection, 1 : 400 Shiga, 1 : 50 Flexner.
On the basis of these tests we con61uded t h a t 0.5 cc., c o n t a i n i n g a t o t a l of 2½ billion bacilli (equal p a r t s of Shiga a n d F l e x n e r strains), w o u l d be a p r a c t i c a b l e dose. T h e following four m e n were given this a m o u n t . B. G. had no systemic reaction. ,Locally there was an indurated area, 2 cm. in diameter, which persisted for 2 weeks. It was tolerable and was accompanied by no troublesome symptom. This man is subject to boils, a fact which may explain a slight infection which developed in the area. The complication was neither painful nor troublesome. The agglutinin production was: on the 7th day after injection, 1 : 100 Flexner, 1 : 25 Shiga; on the 14th day, 1 : 50 Flexner and Shiga; on the 22nd day, no agglutinins for Flexner or Shiga bacilli.
F. H. M. showed a slight systemic reaction. The local reaction was shown by slight redness and moderate induration, which was absorbed in 14 days and was tolerable. The agglutinin production was as follows: on the 7th day after the injection, 1 : 50 Flexner and Shiga; on the 14th day, 1 : 50 Flexner, 1 : 200 Shiga; 1 month after the injection, 1 : 50 Flexner and 1 : 400 Shiga.
D. R. B. had no systemic reaction. There was an indurated area 4 cm. in diameter, but it was not in any way troublesome and was completely absorbed in 3 weeks. The agglutinin production was as follows: on the 7th day after injection, 1 : 50 Flexner, 1:25 Shiga; on the 14th day, 1 : 100 Flexner, 1 : 50 Shiga; 1 month after injection, 1:100 for Flexner and Shiga bacilli. P. K. O. showed a slight systemic reaction. Induration developed at the site of injection, and there was tenderness of this area for 2 days. The induration was absorbed after 10 days. The agglutinin production was shown to be negative up to the 8th day; on the 18th day after injection it was 1 : 200 for Shiga and Flexner bacilli; 1 month after injection it was 1:100 for both types; 3 months after injection it was 1 : 80 for Flexner and 1 : 40 for Shiga bacilli.
F r o m a s u m m a r y of the experiments with the plain neutralized almond oil vaccine in man, it appears t h a t a single injection results in slight or no systemic reaction and a moderate local reaction. T h e latter consists in the formation of a subcutaneous indurated area, corresponding to the unchanged oil and bacteria, which gradually recedes, 1 to 3 weeks being required for complete disappearance, during which period no inconvenience is suffered. T h e agglutinin production is indicative of the slow absorption of the antigen. Agglutinins tend to a p p e a r after 7 days, to increase as a rule from this time to the 3rd week, and then to persist for a m o n t h at least. In one instance an appreciable a m o u n t of agglutinin was still present 3 months after the single injection of the oily vaccine.
Mode of Action.
T h e advantages of the oily suspensions of dysentery bacilli for purposes of active immunization or vaccination depend on several properties. I n the final analysis the desired result is achieved b y the disintegration and absorption of the contained bacilli. In this re= spect there is no distinction between the saline and oily suspensions. The chief differences are in the rate of absorption.
In the case of the saline suspensions, disintegration rapidly ensues. The tissues at the point of inoculation are brought under the influence of the concentrated toxic products, and a sharp local reaction follows. The rapid absorption of these products sets up also a marked general reaction.
On the other hand, the suspended bacilli are only slowly yielded up by the oil; hence disintegration is gradual and the local toxic action on the tissues minimized. Moreover, and for the same reason, absorption proceeds slowly, so that the general reaction is either eliminated altogether or greatly diminished; and yet the immunity response is at least as great in the latter instance as in the former, and it m a y even be greater, since it occurs with less cost to the organism of the host as a whole.
The rate of absorption of the two kinds of suspensions was studied experimentally. From this experiment one m a y conclude that with the saline suspension the bacteria disappear from the site of injection in 24 hours, with the oily vaccine not until after the 3rd day. In the mode of operation of the latter, therefore, slow absorption is the essential factor.
The Shiga bacillus is capable of developing in culture media, besides an endotoxin, a soluble toxin of great potency. ~.~5.26 The efficacy of the oil in mitigating the effect of this toxin is shown by the following experiment.
Experiment N.--By growing a toxic strain of the Shiga bacillus in a medium of neutral sugar-free broth to which a protein, such~ts egg albumin, is added, a toxin is obtained the minimum lethal dose of which varies between 0.05 and 0.1 cc. The sample, Toxin 4, used in the following test was prepared Dec. 1, 1917, and when injected intravenously into a rabbit in a dose of 0.1 cc. caused paralysis of the posterior extremities after 3 days and death on the 4th day. Autopsy revealed the typical intestinal lesions of Shiga bacillus inoculation of the rabbit. Owing to the presence of the oil, the toxin is probably absorbed in subliminal amounts.
Development of the Shiga Antitoxin.
The next experiment bears on the efficacy of tile oily vaccine in leading to antitoxin production.
Horses receiving injections of bacteria show the presence of antitoxin only after a considerable period of time and in small quantity. For example, a horse which had been injected with Flexner and Shiga bacilli continuously for 3½ years yielded a serum of which 0.001 cc. neutralized a minimum lethal dose of Shiga toxin, or, on the basis of 100 minimum lethal doses, 1 cc. contains ten units. The limit of neu-25 Doerr, R., Das Dysenterietoxin, Jena, 1907 , 30 and ft. Doerr, R., Wien. klin. Woch., 1905 , xviii, 158. 26 Todd, C., J. Ityg., 1904 Kraus, R., and tralization of normal horse serum is 0.5 cc. for four minimum lethal doses of Shiga toxin.
Experiment O. --Macacus rhesus. Nov. 7, 1917 . Bled for trial titration.
2 cc. of the serum were mixed with ten minimum lethal doses of Toxin 4, incubated for 30 minutes at 37°C., and injected into Rabbit 35. The rabbit developed complete paralysis and died in about 20 hours. No antitoxin, therefore, could be demonstrated in 2 cc. of the monkey's blood. The monkey was then injected subcutaneously with 0.5 cc. (equals 2 billion dysentery bacilli) of the oily dysentery vaccine and 7 days later similarly with 1 cc. 1 month later the monkey was bled again and 0.1 cc. of serum plus ten minimum lethal doses of Toxin 4, after incubation at 37°C. for 30 minutes, were injected intravenously into Rabbit 36. The rabbit became paralyzed after 48 hours and died on the 6th day (faint trace of neutralization). 0.5 cc. of serum plus ten minimum lethal doses of Toxin 4, injected into Rabbit 37, gave rise to paralysis after 4 days and death on the 6th day (trace of neutralization). 1 cc. of serum plus ten minimum lethal doses of Toxin 4, injected into Rabbit 38, caused no symptoms {complete neutralization). Rabbit 39 (control), injected intravenously with ten minimum lethal doses of Toxin 4, died within 24 hours.
The preceding experiment confirms the fact that in the rhesus monkey, an animal closely related to man, antitoxin may be produced as a consequence of injecting the oily vaccine. A similar test was made with human blood.
Experiment P.--J. W. S. had been injected, 2 months before the following test was made, with a single dose of the oily vaccine. Rabbit 40 was injected intravenously with ten minimum lethal doses of Toxin 4 plus 1 cc. of J. W. S.'s blood serum. The toxin and the serum were kept at 37°C. for30 minutes before the injection. The animal survived. Of two control rabbits, one, injected with ten minimum lethal doses of Toxin 4, died in 48 hours; the other, injected with 1 cc. of normal human blood serum mixed with ten minimum lethal doses of the same toxin, died in 3 days, after manifesting the typical intestinal symptoms.
The significance of these experiments is clear. The Shiga bacillus, which is the most difficult to employ for vaccination in man because of its toxic effects, is unimpaired in its antigenic properties by the oil. Hence, although no marked reaction is set up, the immunity response is definite. Not only are antibacterial antibodies produced, but in the case of the Shiga toxin, antitoxin as well; and the latter is demonstrable 2 months, at least, after the injection.
Preparation and Administration of the Oily Vaccine.
Commercial vegetable oils, including almond oil, may contain impurities and objectionable quantities of free fatty acids. Hence, to avoid the former one should use only a rectified oil, and, in the case of almond oil, only that of sweet, not of bitter almonds. To eliminate the free fatty acids each specimen of oil should be neutralized. This may be done as follows:
The oil is dissolved in an equal volume of ether. Sodium methylate is prepared, in the meantime, by dissolving 20 gin. of metallic sodium in 100 cc. of dry (absolute) methyl alcohol. The fresh sodium methylate (it will not keep for more than a week) is added to the dissolved oil to the point of neutralization, a few drops of an alcoholic solution of phenolphthalein being used as indicator. If by mistake an excess of the alkali is added, the harm may be undone by adding more of the original oil. The next day the neutralized oil is filtered by suction or centrifuged to remove the precipitate of soaps, and the ether is evaporated by warming. It is kept in the refrigerator for 1 week, animal charcoal is added, and it is again filtered. It is then sterilized by autoclaving for 45 minutes at 15 pounds pressure.
The oily vaccine is prepared in the following manner. Plain agar cultures in Blake bottles are made of the Shiga, Flexner, and Y bacilli. 24 hour growths are washed off in normal saline solution, usually 5 cc. of saline solution to each bottle being sufficient. The suspension of each strain is thoroughly shaken and a portion set aside for counting, which is done by Wright's method. In the meantime the saline suspensions are transferred to wide centrifuge tubes, 2.5 by 10 cm., and are centrifuged for 20 minutes at about 1,800 revolutions per minute. Since the cotton stopper may be jammed to the bottom the cotton is replaced by sterile tin-foil, folded over the edge of the tube. At first, drying in vacuo was attempted, but it proved inconvenient, and centrifugation was substituted to obtain the bacterial mass, with good results. Almost all the saline solution can be pipetted or poured off, leaving a densely packed sediment of bacteria. The count of the bacteria and the amount of saline solution having been determined, it is a simple matter to add sufficient oil, replacing the saline solution, so that l cc. will contain 2½ billion Shiga and 1~ billion each of Flexner and Y bacilli. The total content in 0.5 cc. of the vaccine should be 2½ billion dysentery bacilli in aliquot parts of the Shiga and Flexner groups of organisms. The required amount of oil is added to the centrifuged bacterial mass, and by means of a bent glass rod an oily suspension is made. The suspension is then transferred to receptacles containing.glass beads. Glass beads must always be included, irrespective of the quantity of vaccine in a container. They are the essential factor upon which a proper suspension depends. No preservative is added, as it has been determined that it is without action in oils. The oily vaccine is heated to 60°C. for ½-hour. Tests are made for sterility and for its effect in the rabbit. The vaccine is stored in the refrigerator.
The oily vaccine is warmed slightly before use, in order to make it more fluid, and shaken thoroughly. The skin over the deltoid region is cleansed with alcohol, tincture of iodine is painted on it, and 0.5 cc. of the vaccine is injected subcutaneously. Care is taken to avoid intracutaneous or intravenous injection. DISCUSSION AND SUMMARY. The purpose of the present investigation was to determine a practical method of vaccination against bacillary dysentery.
It has been emphasized that the toxicity of the dysentery group of organisms, especially that of the Shiga bacillus, is such as not to permit of their employment in simple saline or aqueous suspensions. If, on the other hand, their toxicity is removed by the addition of certain chemicals, the antigen of the bacilli is so changed as not to be suitable for immunization purposes.
The toxicity of the bacilli can also be diminished by the addition of immune serum. There is no essential difference in the result whether unmodified serum is used or that modified by Gibson's method. The use of serum with vaccines cannot be recommended, in spite of the relative non-toxicity of such mixtures. The specific immunity response is reduced, while the parenteral injection of horse serum in large groups of men is objectionable because of the serum sensitization which it produces.
It has been shown that a certain vegetable oil, almond oil, (and this statement may apply to a number of non-irritating, absorbable oils) is capable of overcoming many of these disadvantages.
The oil acts as a passive agent in merely suspending the bacteria without altering their properties. The slow absorption of the susp e n d e d bacteria from this vehicle mitigates the toxic effects of the dysentery bacilli. At the same time it does not interfere with the immunity response--antibacterial and antitoxic.
If the absorption is too slow, however, as in the instances in which lanolin was added, less satisfactory results follow. The proper rate of absorption is as important a factor as the proper vegetable oil. The latter condition has been emphasized in the consideration of the effects of an objectionable olive oil.
The neutralization of the oil should be complete. F. G. S. and J. W. S. suffered from severe local reactions, the results of the local deposition of soaps, which are difficult of absorption.
As a result of the slow absorption of the dysentery bacilli from the oily suspension onlyslight local and general reactions follow, and it is possible to give at one time and in a single dose a sufficient number of the killed dysentery bacilli to incite a high degree of immunity.
The precise series of events following the injection of the oily vaccine are: During the 1st day, an erythematous area develops at the site of injection, which is not especially painful. There may be a slight systemic reaction, consisting in headache and slight chilliness. After 24, sometimes after 48 hours, an induration appears at the site of injection, varying from 2 to 4 cm. in diameter, which remains unchanged for a few days, then begins to recede, corfiplete absorption requiring from 1 to 3 weeks. The induration remains localized and has no tendency to break down. It causes no inconvenience.
During the period of absorption the organism of the host continually receives antigen. The rule of immunology is that while antigen is circulating the antibodies are usually not demonstrable; it is only after all the antigen disappears that the antibodies appear in greatest concentration. Since the vaccine is slowly absorbed, the reasons for the delayed appearance of antibodies, as well as their persistence, become obvious.
CONCLUSIONS.
The preceding study seems to emphasize the advantages of a bland oily medium for suspending dysentery bacilli for purposes of active immunization or vaccination. The experiments on animals and a small number of tests on man indicate that the single injection of an almond oil suspension of the Shiga and Flexner groups of dysentery bacilli suffices to afford protection as indicated by the appearance in the blood of definite specific antibodies for each group of the bacilli, and by the protection of animals from otherwise lethal doses of the living organisms or their toxic products. The extent to which vaccination should be applied to man will depend on circumstances and conditions still to be defined, but the method appears to be wholly practicable. The introduction by Le Moignic and Pinoy of the oily medium for suspending killed bacteria for immunization purposes marks a definite advance in the technique of bacterial Vaccination.
